The antennal lobe (AL) of an insect is the functional analog of the olfactory bulb in mammals. The fi rst-level synaptic interaction between large numbers of multiple-type olfactory receptor neurons (ORNs) serves the function of reliable coding of a vast range of general odors, the fast identifi cation of an odor, the selective coding of mixtures of compounds, and the separation between odor identity and odor concentration. Honeybees learn and discriminate a seemingly unlimited number of odors (natural and artifi cial), categorize odor mixtures as unique stimuli, identify odors within 250 ms, and generalize odors according to the respective combinatorial glomerulus activity patterns in the AL (Galizia and Menzel, 2000 ) . Therefore, the AL is the fi rst-order neuropil serving basic functions of odor discrimination, categorization, generalization, and learning. The social life of the honeybee is guided by a range of well-described pheromones. No difference between general odor and pheromone coding was found so far with the exception of the queen pheromone coding in males (drone bees) (Sandoz et al., 2007 ) .
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We fi rst describe the internal organization of the AL, its inputs, and its outputs. Then we analyze the local circuit of a prototypical glomerulus.
Input, Cross-Internal Organization, and Output of the Antennal Lobe
The AL receives about 60,000 ORNs predominantly originating in olfactory receptor cells of pore plates on the antenna, but CO 2 receptors, thermoreceptors, and hygroreceptors are known to be distributed along the fl agellum of the antenna, too. The antennal nerve is split into four tracts, T1 to T4, innervating ( Fig. 43.1 ), the dorsoanterior (da) group with 70 glomeruli, the medial (m) group with seven glomeruli, the ventroposterior (vp) group with 70 glomeruli, and the posterior (p) group with seven glomeruli ( Fig. 43.1A ) . Glomeruli are the anatomical and functional units of the AL and constitute sites of synaptic interaction between different neuron types. The output of the glomeruli comprise several tracts of projection neurons (PNs), which receive either input only from one glomerulus (uniglomerular PNs belonging to the lateral and median PN, l-PN, and m-PN; Fig. 43 .1A ) or from many glomeruli (multiglomerular PNs which form several tracts including the mediolateral ml-PN tracts; Fig. 43.1B ) . L-and m-PNs project to the lip and basal ring regions of the mushroom body and to the lateral horn (LH). The m-PN arborize more in the core of the LH. As a consequence of the different pathways that the two uniglomerular PNs take, the l-PNs reach the LH fi rst and send collaterals to the mushroom body, whereas the m-PNs project fi rst to the mushroom body and send collaterals to the LH. L-PNs receive input only from glomeruli of ORN tract 1 (dorsoanterior group), and m-PNs from the remaining three groups of glomeruli ( Fig. 43.1A ).
Multiglomerular ml-PNs innervate predominantly the T1 and T3 glomeruli, and they project ipsilaterally to subcompartments of the protocerebal lobe: the LH, the lateral protocerebral lobe (LPL), and a ring-like neuropil around the alpha lobe of the mushroom body. A subpopulation of ml-PNs (mlPN [2] ) are immunoreactive (ir) to an antibody against GABA and may represent an efferent pathway (dotted triangles in Fig. 43.1B ) . Two other types of multiglomerular PNs have been described, both of which project also to the contralateral side of the brain (Abel et al., 2001 ) . Those PNs that arborize in glomeruli of T4 respond to contact chemoreceptive stimuli like the wax surface of the comb. Glomeruli of the ORN T4 appear to collect input from CO 2 receptors, thermoreceptors, and hygroreceptors. A possible feedback neuron, the ALF-1, connects the mushroom bodies with many glomeruli in the antennal lobe (not shown in Fig. 43 .1 ; Kirschner et al., 2006 ) .
The AL houses a relatively large number (4000) of local interneurons (LIs). Many of them are GABA ir, and some are putatively glutamatergic and/or histaminergic. The existence of excitatory LIs has been demonstrated in the AL of the fl y, Drosophila melanogaster , but it is also likely in the honeybee AL.
A multiple set of modulatory neurons innervate large proportions (possibly all) glomeruli with broadly arborizing axodendrons, for example, dopamine ir neurons, a 5HT ir neuron, histamine ir neurons, and octopamine ir neurons. The latter are particularly interesting because it was shown that one of these octopamine ir neurons, the VUMmx1, serves the function of an appetitive reinforcer during reward odor learning in bees (Hammer, 1993 ) . Since pharmacological stimulation of octopamine receptors in the AL as a substitute for the reward leads to odor learning, it has been concluded and confi rmed by additional experiments that an associative memory trace is ( B ) Organization of AL inputs and outputs of multiglomerular PNs. Mediolateral PNs (ml-PN) receive input predominantly from T1 and T3 glomeruli, and they project to the LPL and the alpha lobe ring like neuropil, ml-PN(1) solely to the lateral horn (LH). Some of the ml-PNs (ml-PN [2]) are immunoreactive (ir) to an antibody against GABA, and they may represent an efferent pathway (dotted triangles). Other multiglomerular PNs project also to the other side of the brain. Those branching in T1-T3 glomeruli arborize in the contra lateral AL and LPL (AL co and LPL co, shown in hatched violet line); those branching in T4 glomeruli arborize in both the ipsi and the contralateral mushroom body calyces (MB br lip, CO) (hatched green line).
formed in the AL (Menzel and Giurfa, 2001 ) . Several neuropeptides were found by immunocytochemistry, but their functions are unknown.
Local Circuitry within the Antennal Lobe and within a Prototypical Glomerulus
Other than in Drosophila but similar to lobsters and moths, the circuitry connecting glomeruli in the honeybee AL involves two morphological distinct types of spiking inhibitory LIs that are distinct by their heterogeneous (different branching patterns in different glomeruli) and homogenous (similar branching patterns in different glomeruli) branching patterns. Excitatory LI has been predicted for the honeybee for various reasons, but clear experimental evidence and relation to a morphological type is lacking. Electron microscopical studies of the synaptic contacts within the glomerulus of insects exist for the moth Manduca (see Chapter 42) and the cockroach Periplaneta (Boeckh and Tolbert, 1993 ), but unfortunately not for the honeybee. Figure 43 .2A gives the documented synapses between the four major neural elements of the Periplaneta glomerulus, the ORNs, the PN, and two kinds of LIs, identifi ed GABA ir LIs, and unidentifi ed LI possibly excitatory LIs. It is believed that the observed synaptic connections are representative for an insect glomerulus. Other than in the mammalian olfactory bulb all synapses in the insect AL are confi ned to glomeruli besides very few potential synapses of PN at the exit of PN from the AL. Direct synapses from ORN to PN exist but are rare. Both GABA ir and unidentifi ed LIs receive input from ORNs and synapse back on ORNs. Recurrent pathways also exist between LIs of both types and PNs. ( Fig. 43.2A ) .
On average, each of the 160 or so glomeruli in the honeybee AL receives input from about 375 ORNs and is innervated by about 25 LIs. It has not been documented yet whether the ORNs from the antennae terminating in one glomerulus express the same receptor protein as it is known from Drosophila .
Ensemble Encoding of General Odors
Imaging the Ca 2 + activity upon odor stimulation indicates a spatial and combinatorial olfactory code (Galizia and Menzel, 2000 ; ftp://www.neurobiologie.fu-berlin.de/honeybeeALatlas/). Although such studies have been possible so far only for glomeruli of the T1 ORN tract, accumulating evidence from intracellular recordings of both l-and m-PNs proves that such a coding scheme applies also to the other glomeruli (Krofczik et al., 2008 ) , possibly with the exception of T4 glomeruli. Blocking GABA receptors in the AL proves that (1) odor responses of PN dendrites increase or decrease (possibly by a loss of disinhibition) depending on the particular odor, (2) the time courses of the odor responses in PN dendrites change, (3) the synchrony between PN spikes and local fi eld potential is weakened, and (4) odor discrimination of the animal is compromised. These results clearly document that the LIs contribute essentially to odor coding in the AL. More direct evidence for the role of both inhibitory and excitatory LI comes from intracellular recording of PNs.
(1) On average PN response onset is delayed by about 60 ms with respect to the fast interneuron response onset ( Fig. 43.2C ), indicating that PN activation is at least to some extent mediated via excitatory interneurons. Boeckh and Tolbert, 1993 ) . Two olfactory receptor neuron (ORNs) are shown in green providing excitatory input with inhibitory components. They terminate predominantly on local interneurons (LI, blue and yellow), but also on projection neurons (PN, red). Two types of LI are distinguished on the basis of immunoreactivity (ir) to an antibody against GABA, identifi ed LI (GABA ir, blue) and unidentifi ed LI (no GABA ir, yellow). ( B ) Membrane potential of a l-PN to an elemental odor (component, upper row) and to a tertiary mixture (mixture, second row) of odorants. Stimulus onset is indicated by the dash. The initial response is an inhibitory component as indicated by the red triangles. The numbers give the response latencies in milliseconds (ms). The third row depicts the membrane potential of an LI showing a fast excitatory response to a tertiary mixture. ( C ) The average temporal fi ring rate profi les of LIs (green) and PNs (gray) show that LIs respond faster than PNs and with a shorter phasic response. (Modifi ed from Krofczik et al., 2008 ) drive PN fi ring. (3) L-PN and m-PNs have broad overlapping chemoprofi les. This broad tuning can be explained if excitation is mediated by LNs. In contrast to the mammalian olfactory bulb, ordered functional segregation (e.g., according to C-chain length or functional group) is generally not found in the insect AL, although there might be a tendency toward such chemotopy in the honeybee AL. (4) The two types of uniglomerular PNs differ with respect to coding of odor mixtures. L-PNs are inhibited in response to a mixtures but not to its individual components (odor mixture suppression is also called synthetic mixture coding; Figure 43.2 B ) , whereas m-PNs code mixtures in an elemental way by responding to the most effective component. Thus, odor complexity is likely to be decoded by those target neurons to which l-PNs terminate. (5) Since the onset of inhibition in l-PNs matches the excitatory response onset of LNs, which in turn is signifi cantly shorter than in PNs, lateral inhibition is responsible for the observed mixture suppression effect. This interpretation is supported by results of Ca 2 + -imaging studies of T1 glomeruli showing that increasing the number of components in the mixture enhances suppressive interglomerular interactions. Taken together, these results indicate that interglomerular connectivity is not merely a means to regulate and normalize the overall activation level of PNs. Rather, LNs are involved in rapidly processing the ORN input, altering and shaping the PN output depending on compounds and their mixtures.
